Melanoma is one of the most aggressive cancers in the world and is responsible for the majority of skin cancer deaths. Recent advances in the field of immunotherapy using active, adoptive, and antigen-specific therapeutic approaches, have generated the expectation that these technologies have the potential to improve the treatment of advanced malignancies, including melanoma. Treatment options for metastatic melanoma patients have been dramatically improved by the FDA approval of new therapeutic agents including vemurafenib, dabrafenib, and sorafenib. These kinase inhibitors have the potential to work in tandem with MEK, PI3K/AKT, and mTOR to inhibit the activity of melanoma inducing BRAF mutations. This review summarizes the effects of the new therapeutic agents against melanoma and the underlying biology of these BRAF inhibitors.
INTRODUCTION
Despite the significant survival rates obtained by surgical excision of primary cutaneous melanomas, metastatic melanoma continues to exhibit frequent relapse and a high mortality rate. Over the last few decades, many therapies have been developed with the goal of improving the survival of metastatic melanoma patients, as current, standard chemotherapy has had a limited impact on the course of this disease. Mutations that confer resistance to targeted therapies, such as the novel protein kinase inhibitors vemurafenib, dabrafenib, and sorafenib, can lead to the simultaneous emergence of resistant clones at many separate body sites, despite an initially positive therapeutic response. This type of relapse may arise within only a few months. 1 Approximately 50% of cutaneous melanomas harbor an activating mutation in the gene encoding the protein kinase B-RAF, 2 most commonly the B-RAF V600E mutation, a valine to glutamate mutation on codon 600. 3 Respectively, 52% and 43% of superficial spreading melanoma and nodular melanoma contain such a mutation. Smaller percentages are seen in acral lentigious and lentigo maligna melanoma, and the frequency of all types varies with the extent of UV exposure. 3 Due to its contribution to tumorigenesis, as illustrated above, there has been a significant focus on BRAF-targeted clinical therapy for treatment of metastatic melanoma in patients.
Rapidly accelerated fibrosarcoma (RAF), a proto-oncogene product, and B-RAF are members of the RAF kinase family. This family of RAF proteins A-RAF, B-RAF, and C-RAF is activated by RAS (Rat Sarcoma), which in its GT bound state sets off a cascade of cellular signaling pathways. 3 These RAF proteins are growth signal transduction protein kinases and their signaling cascade induces gene expression which alters mutagenesis and may also potentiate oncogenesis. [3] [4] [5] BRAF has been known to play a role in regulating the mitogen-activated protein kinases (MAPKs) signaling pathway which affects cell division, differentiation, and secretion. 4 MAPK was originally called extracellular signal-regulated kinases (ERKs), and microtubule associated protein kinases (MAPKs), thus the other name of MAPK is MAPK/ERK kinase (MEK).
Constitutively active B-RAF mutants have been identified in many malignant melanomas which signal cells to grow in excess. The BRAF mutations, followed by MEK cascade activation, play an oncogenic role in malignant melanoma development. Thus, inhibitors of B-RAF were developed as a potential therapy for melanoma. Furthermore, MEK inhibitors are important in this pathway, as MEK is a key downstream signaling mediator of the RAS/RAF pathway. 7 Small-molecule inhibitors of MEK have been proposed as anticancer therapeutics, due to the complete abrogation of tumor growth in BRAF-mutant xenografts; whereas, RAS-mutant tumors were only partially inhibited. 8 Therefore, MEK inhibitors are considered to be another target for the treatment of BRAF-mutant cancers such as metastatic melanoma.
VEMURAFENIB
Vemurafenib is a potent inhibitor of the B-RAF V600E mutant that was first synthesized in early 2005, and it was approved by the U.S. Food and Drug Administration (FDA) for treatment of patients with late stage melanoma and metastatic melanoma. 9 Vemurafenib inhibits the active "DFG-in" form of the kinase, which is strongly anchored to the ATP binding domain, unlike sorafenib, which inhibits the inactive form of the kinase domain. 5 Selectivity of vemurafenib for B-RAF V600E , over wild-type BRAF, in the biochemical assays is modest; however, its selectivity for B-RAF V600E in melanoma cell lines is remarkable. These drugs potently inhibit MEK phosphorylation, induce cell cycle growth arrest and apoptosis in vitro, and cause tumor regression in vivo, exclusively in B-RAF V600E -positive tumor models. 10 Comparatively, vemurafenib only blocks MEK phosphorylation in BRAF mutant cells; while MEK inhibitors block MEK phosphorylation regardless of cellular genotype. 10 Since vemurafenib is specifically effective in cells with the BRAF mutation at codon 600, a valine(V) to glutamic acid (E), the proliferation of B-RAF V600E melanoma, [10] [11] [12] colorectal cancer, 13, 14 and papillary thyroid cancer cell lines 15, 16 is inhibited by vemurafenib. Although vemurafenib is associated with a relatively significant risk reduction compared with sorafenib and/or dacarbazine, 17 a resistance to BRAF inhibition in melanoma patients has already been reported. 18, 19 The resistance to BRAF inhibition was mediated through either receptor tyrosine kinase (RTK)-mediated activation of an alternative survival pathway or activated RAS-mediated reactivation of the MEK pathway in melanoma. 20 As the MEK pathway is frequently re ignited in relapsed tumors, treatment with vemurafenib combined with BRAF/MEK inhibitors potentially may be warranted, and such studies are underway. 21, 22 Moreover, vemurafenib could be used together with PI3K, AKT, or the mammalian target of rapamycin (mTOR) inhibitors, owing to the co-dependence of melanoma. The cytotoxic T lymphocyte antigen 4 (CTLA4) antibody ipilimumab, could also be used as a target agent when combined with vemurafenib for treatment of metastatic melanoma. 23 Ipilimumab was the first check point inhibitor that reached the clinic, gaining FDA and EMA approval for metastatic melanoma in 2011, in addition to being approved by the FDA as an adjuvant for patients with high risk, stage III melanoma. 24 This suggests that vemurafenib may be closely associated with the T cell response that is critical for the success of many immunotherapies. 25 After gleaning more knowledge of vemurafenib in additional clinical trials, the development of next generation of BRAF inhibitors may be identified as a strategy for improving treatment options for melanoma patients. Accordingly, we believe that the development of vemurafenib may provide a more personalized treatment for metastatic melanoma patients. In the future, drugs that selectively and effectively inhibit functional oncogene products such as B-RAF V600E may be introduced. Future studies will result in a medical environment in which cancers are first analyzed by their genetic driving events, followed by the development of a personalized therapy cocktail to improve the clinical outcome for individual patients.
DABRAFENIB
Dabrafenib (GSK2118436) is another potent and selective B-RAF inhibitor with clinical activity against BRAF V600E melanoma, non-B-RAF V600E -mutated melanoma, and cancers of other organ systems with the V600K mutation, including papillary thyroid, colorectal, and ovarian cancers. [26] [27] [28] [29] In 2013, the FDA approved dabrafenib as a single agent for the treatment of unresectable or metastatic BRAF V600E melanoma. It is a potent ATP-competitive inhibitor of BRAF kinase, which is highly selective for mutant BRAF in kinase panel screening, cell lines, and xenografts. It is considered to be the first drug of its class to demonstrate activity against metastatic melanoma in the brain. Dabrafenib was synthesized specifically to prevent penetration of the blood-brain barrier due to the potentially neurotoxic effects on abundant wild-type BRAF in normal brain tissue.
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SORAFENIB
Sorafenib (BAY 43-9006, Nexavar) is a V600E mutant BRAF and CRAF tyrosine kinase inhibitor with specificity for the ATP-binding pocket of RAF. 27, 30 It also targets the vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR). 27, 30 Sorafenib has been shown to disable the B-RAF kinase domain by locking the enzyme in its inactive form and inhibiting the MEK pathway in vitro and in vivo. This is followed by abrogating the downstream MEK pathway and exerting anti-proliferative effects in tumor cell lines and in vivo tumor models. 31, 32 Although sorafenib is approved by the FDA for the treatment of primary liver and kidney cancer, 33 it has not shown significant anti-tumor activity in advanced melanoma patients as a single agent. Since its effect on B-RAF is rather weak, its clinical efficacy is generally attributed to targeting non-B-RAF kinases. However, combinational treatment with sorafenib and the alkylating agents dacarbazine or temozolomide resulted in a significant improvement in patients with advanced melanoma. 34, 35 Additionally, several studies have been conducted to confirm the efficacy of sorafenib combined with new drugs for the treatment of melanoma. For example, treatments with sorafenib combined with temsirolimus, riluzole, tipifarnib, and bortezomib have been conducted for advanced melanoma.
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MEK INHIBITORS-SELUMETINIB, TRAMETINIB
Monotherapy of advanced melanoma patients with the MEK1/2 inhibitor, selumetinib, has shown weak clinical results. 39 There is no significant difference in progression-free survival between patients with unresectable stage III/IV melanoma unselected for BRAF/NRAS mutations, who received therapy with either selumetinib or temozolomide. Some clinical activity of another MEK inhibitor, trametinib, has been observed in K601E and L597Q BRAF mutation-positive metastatic melanoma. 40 However, since the PI3K/AKT pathway has been proposed as a survival and escape mechanism for BRAF-mutant melanomas treated with selumetinib, tumor regression appears to correlate with a low phosphorylated AKT presence. 41 For this reason, patients with BRAF-mutant melanoma, whose tumors express high levels of phosphorylated AKT, are being treated with a combination of targeting agents against MEK and PI3K/AKT. It was also reported that a combined treatment with the BRAF inhibitor dabrafenib and the MEK inhibitor trametinib in patients with BRAF V600E or BRAF V600K positive melanoma showed a 76% of the rate of complete or partial response with combination therapy. This is compared to 54% with dabrafenib monotherapy.
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CONCLUSION
In order to provide or develop new melanoma therapies using new targeting agents, we need a better understanding of the systemic mechanisms of melanoma oncogenesis, proliferation, and metastases. Although there have been meaningful advances in the knowledge of therapeutic treatment of melanoma patients by several BRAF-mutant specific kinase inhibitors, such as vemurafenib and dabrafenib, acquired resistance of BRAF-mutant melanoma quickly and almost invariably develops. There are numerous potential mechanisms of this tumorigenesis reported, including reactivation of the RAS/RAF/ MEK, PI3K/AKT/mTOR pathways, and their downstream signaling targets. 30, 43, 44 One of the best examples is vemurafenib, which has significantly improved survival rates for advanced melanoma patients, though resistance to vemurafenib has been currently reported from several groups. [45] [46] [47] In summary, the signaling through the Ras-Raf-MEK pathways with the somatic BRAF V600E mutation leads to constitutive activity of the kinases. BRAF inhibitors, such as vemurafenib and dabrafenib, are specifically active against BRAF-mutant melanoma; however, in some instances combined treatment with inhibitors of MEK, PI3K/AKT, and/or mTOR may be required due to multiple escape mechanisms for melanoma resistance (Fig. 1) . Consequently, targeting the resistance mechanism of BRAF inhibitors through drug treatment combinations could enhance clinical efficacy.
